1.. Introduction {#s0001}
================

The current outbreak of highly transmissible fatal pneumonia in human referred as Coronavirus Disease-2019 (Covid-19) has spread globally with over 5.5 M confirmed cases and over 340000 deaths worldwide as of 15th April 2020 (Wu, Liu, et al., [@CIT0027]). Covid-19 is caused by a novel zoonotic pathogenic virus termed as Severe Acute Respiratory Syndrome Coronavirus-2(SARS-CoV-2) which has been first reported to break out during December 2019 in Wuhan, Hubei Province, China with a fatality rate of 4%. The most common symptoms of SARS-CoV-2 include sore throat, dry cough, fever, and shortness of breath (Cheng et al., [@CIT0011]). In most severe cases, the clinical presentation of SARS-CoV-2 include pneumonia that progresses to multi-organ failure and death (Zaki et al., [@CIT0060]). SARS-CoV-2 also belongs to *β* genus of Coronaviridae family of order Nidovirales similar to SARS-CoV and MERS-CoV that had emerged worldwide in 2002 and 2012 with fatality rate of 10% and 36%, respectively (Reusken et al., 2013). However the increasing pandemic potential of SARS-CoV-2 is due to its high human to human transmissible efficiency which makes it difficult to contain (Wu, Zhao, et al., [@CIT0056]). SARS-CoV-2 has enveloped positive sense single stranded RNA genome and sequence analysis of its 30,000 base-pair genome has evidenced about 14 open reading frames (ORF) (Fehr & Perlman, [@CIT0017]). The 5′ end ORF1a/b codes for polyprotein that are consequently processed by proteolytic cleavage into 16 non-structural and in 3′ end nine subgenomic RNAs of the viral genome express 13 ORF which includes four structural proteins (Envelope protein, spike protein, nucleo-capsid protein and viral cell membrane protein) along with 9 putative accessory factors (Boopathi et al., [@CIT0002]; Chan et al., [@CIT0007]). The 16 non-structural proteins (Nsp) mainly includes RNA dependent RNA polymerase (RdRp), helicase, Papain-like protease (PLP) and 3-Chymotrypsin-like protease (3CLpro)) (Boopathi et al., [@CIT0002]; Simmons et al., [@CIT0045]). SARS-CoV-2 spike protein facilitate the entry of viral particles into the host cell after binding with the host Angiotensin-converting enzyme 2 (ACE-2) and the spike protein also determines the host range (Simmons et al., [@CIT0045]). Entry of virus into host cells is mediated by the cleavage of viral spike protein by host proteases namely Cysteine proteases (Cathepsin B/L) or Serine proteases (TMPRSS2) (Boopathi et al., [@CIT0002]; Yan et al., [@CIT0057]). According to an earlier research (Glowacka et al., [@CIT0020]) on single cell RNA sequencing of Human tissues, the Lung pneumocytes (Type II), nasal secretory (goblet) cells and Ileum enterocytes (absorptive) were reported to co-express ACE-2 and TMPRSS2 (Matsuyama et al., [@CIT0029]). Moreover both the 3CLpro and PLpro proteases are involved in the replication and transcription of the SARS-CoV-2 and 3CLpro plays a key role in the replication of the virus (Prussia et al., [@CIT0039]). The SARS-CoV-2 proteases also cleave the pp1a and pp1b which is encoded by open reading frame (ORF1a/b) of virus (Sheahan et al., [@CIT0044]). This protease is a potent therapeutic target essential for polyprotein processing which is translated from viral RNA (Sheahan et al., [@CIT0044]). The sequence of 3CLpro in SARS-CoV-2 has shown 96% similarity with the 3CLpro of SARS-CoV that caused 2003 outbreak (Zhu et al., [@CIT0062]). Though SARS-CoV-2 shows similarity to SARS-CoV, it differs in having complement of 3'ORF namely ORF 3b and ORF 10 along with intact ORF 8 while SARS-CoV encodes for ORF 8a/b (Omrani et al., [@CIT0034]). About 332 interacting proteins were identified between human proteins and viral proteins that includes wide range of function including lipid modification, DNA replication, regulation of gene expression, trafficking of vesicles, RNA processing, ligases, extracellular matrix, mitochondria, signaling, cytoskeleton and transport machinery in nucleus by spike proteins such as Nsp 1, 4, 5, 6, 7, 8, 9, 10 and Nsp 13 as well as ORF 10, 9b, 6 and 9c. SARS-CoV-2 proteins Nsp 13 were also found to interact with host innate immune pathways namely TAN-binding Kinase 1 and its binding protein (TBKBP1) along with its adaptor protein (SINTBAD) (Ge et al., [@CIT0019]). Viral ORF 10 also hijacks ubiquitin ligase pathway for its pathogenesis (Chan et al., [@CIT0006]). Viral transmembrane protein E mimics the host histone structure and interacts with bromodomain binding protein which changes the expression of host protein and makes it favorable for viral replication (de Wilde et al., [@CIT0012]). It is evident from a recent study that similar to other viruses, SARS-CoV-2 genome also exhibits random mutation over time with the rate of one to two mutations per month and the phylogenetic trees could predict the association between various cases of SARS-CoV-2. Therapy for coronavirus be categorized into two strategies which is acting either on (i) coronavirus or (ii) on human cells or immune system (Omrani et al., [@CIT0034]). The first strategy includes three approaches in analyzing therapeutic drugs for coronavirus namely (a) testing with antiviral activity of broad spectrum of anti-viral drugs, ribavirin, Interferon and inhibitors like cyclophilin that are used to treat pneumonia caused by the virus (Ge et al., [@CIT0019]; Muralidharan et al., [@CIT0030]), (b) High-throughput screening of therapeutic molecules in the available molecular databases (Chan et al., [@CIT0006]) and (c) to develop potent drug based on the pathological and genomic characteristics of several other coronaviruses (de Wilde et al., [@CIT0012]). The second strategy in-terms of immune system involves the innate immune response and Interferon that play a key role in preventing viral replication as well as blocking the human signal pathways (ACE2) for viral binding and replication (Dyall et al., [@CIT0013]). Subunit vaccines or live attenuated vaccines or DNA vaccines developed for SARS-CoV-2 may lose their efficiency if the virus mutates constantly and changes its antigenicity. Therefore plant-based drugs for viral infection could combat viral infection by targeting viral receptors (Chang & Woo, [@CIT0009]; Keyaerts et al., [@CIT0022]), viral integration (Kim et al., [@CIT0024]), reverse transcription (Zhang et al., [@CIT0061]), viral replication and viral protein translation (Mansouri et al., [@CIT0028]). Moreover the developing countries like India needs efficient and economical anti-viral drugs to combat prevailing viral infectious diseases. Plants have always been used as good source of antiviral drug in folk medicine to treat viral infections. One such medicinal plant with numerous medicinal properties is *A. paniculata* also known as 'King of bitters' belonging to Acanthaceae family (Pholphana et al., [@CIT0037]). This plant is widely used herb in Asia as traditional medicine to treat fever, diarrhoea, common cold etc. and it has varied range of pharmacologically active substances such as andrographolides and its derivatives that have been recorded high antimalarial, anti-cancer, antioxidant, hepato-protective and anti-HIV activities (Niranjan et al., [@CIT0032]). More than 10 flavonoids and 20 diterpenoids in *A. paniculata* have been confirmed to have medicinal properties (Thisoda et al., [@CIT0046]). These phytochemicals are found in higher concentration in the leaves of *A. paniculata* when compared to other parts of the plant (Parasher et al., [@CIT0035]). Andrographolide and its derivatives in *A. paniculata* have been reported to have potent anti-viral activity against diverse group of viruses belonging to different families including influenza A virus (H1N1), Hepatitis B virus (HBV), Hepatitis C virus (HCV), Herpes simplex virus 1 (HSV-1), Chikungunaya virus (CHV), Human immunodeficiency virus (HIV), Human papillomavirus (HPV) and Epstein-Barr virus (EBV) that belongs to various viral family such as Orthomyxoviridae, Hepadnaviridae, Flaviviridae, Herpesviridae, Togaviridae, Retroviridae, Papillomaviridae and Herpesviridae, respectively (Gupta et al., [@CIT0021]). Andrographolide in *A. paniculata* induced cell mortality in H1N1 virus and andrographolide analogues showed highest potency against H3N2 influenza A virus (Yuan et al., [@CIT0059]) by inhibiting receptor signaling pathway (RLR pathway) in bronchial endothelial cells of human (Yu et al., [@CIT0058]). Andrographolide and dehydroandrographolide also exhibited anti-HBV activity by inhibiting the viral replication and viral envelop antigen of HBV (Chen et al., [@CIT0010]). Combination treatment of andrographolide with IFN-a or telaprevir or PSI-7977 showed synergistic activity in suppressing HCV replication by activating p38 MAPK phosphorylation pathway and increasing the expression of heme oxygenase-1 and Nrf2 (Lee et al., [@CIT0026]). Chandramohan et al. ([@CIT0008]) predicted through molecular docking analysis that andrographolide could inhibit NS3/4A protease in andrographolide. 14-deoxy-11,12-didehydroandrographolide and neoandrographolide extracted from *A. paniculata* inhibited HSV entry into host cells and its replication through decreased expression of gp C/D (Seubsasana et al., [@CIT0043]). Earlier studies have also reported that andrographolide could induce the expression of PKR and RIG-1 in CHV infection and thereby decrease the copy number of CHV RNA and protein expression (Wintachai et al., [@CIT0052]). Andrographolide and monoester of dehydroandrographolide succinic acid were found to exhibit effective anti-HIV activity by interfering in the binding of HIV to host cells, decreasing the copy number of HIV RNA, dysregulating the signaling pathways in cells and increasing the T-lymphocytes in HIV-infected individuals (Wintachai et al., [@CIT0052]). Ekalasananan et al. (Calabrese et al., [@CIT0004]) have also recorded anti-HPV activity of andrographolide and its derivatives in HPV16 pseudovirus by inhibiting the E6 oncogene expression, restoration of tumour suppressor protein p53 and induction of apoptosis in cervical cell. 25 $\mu g/mL$ of andrographolide in *A. paniculata* ethanolic extracts were reported to inhibit the expression of lytic proteins (Zta, EA-D and Rta) of Epstein-Barr virus (EBV) (Ekalaksananan et al., [@CIT0014]). Moreover, andrographolides in *A. paniculata* were found to have immunomodulatory activity in human peripheral blood mononuclear cells that strengthens host innate immune response (Tsuey-Pin et al., [@CIT0048]). Therefore andrographolides as well as its derivatives have promising immunomodulatory and anti-viral activities that can be used either alone or in combination as an effective drug against SARS-CoV-2 (Peng et al., [@CIT0036]).

With the above considerations, the objective of the study is designed to computationally predict the potency of the compounds against key targets in SARS-CoV-2 and to find out the most active compound in *A. paniculata*. Our study includes therapeutics compounds in *A. paniculata* such as AGP1, AGP2, AGP3 and AGP4 (the chemical structures of all four compounds are shown in [Figure 1](#F0001){ref-type="fig"}) and its mode of action against the non-structural protein targets in SARS-CoV-2 namely 3 L main protease (3CLpro), Papain-like proteinase (PLpro, and RNA-directed RNA polymerase (RdRp) and spike (S) protein (Liu et al., [@CIT0027]). We have employed the autodockvina (Trott & Olson, [@CIT0047]) to estimate the high affinity binding mode/pose of these compounds in the viral targets along with their binding affinities. Further, for the most stable binding mode, we have carried out molecular dynamics calculations and binding free energy calculations using molecular mechanics generalized Born surface area (MM-GBSA) approach (Rastelli et al., [@CIT0040]). We have also performed the same set of calculations (i.e. molecular docking, molecular dynamics and free energy calculations) for the drugs namely as Remdesivir, Lopinavir, Ritonavir, Oseltamivir, Hydroxychloroquine and Azithromycin which are being tested for their potency against Covid-19. This is to assess the relative performance of the phytochemicals from *A. paniculata* in comparison to the aforementioned commercially available medications. Remdesivir is an adenosine analog used in Ebola treatment as it acts by inserting itself into the RNA of virus and interferes in the action of RdRp which causes premature termination of viral RNA production and currently it is used as promising Covid-19 drug for post infection treatment. HIV drug Lopinavir is an inhibitor of HIV-1 dimeric aspartic acid protease which cleaves the 'gag' polyprotein of the virus essential for viral life cycle and it is often administered in combination with protease booster ritonavir. Oseltamivir is also an antiviral drug used in treatment of Influenza A and B that inhibits viral neuraminidase enzymes and prevents the release of new viral particles from the infected cell. Hydroxychloroquine is a malarial drug also used for rheumatoid arthritis and lupus erythematosus treatments act by inhibiting Toll-like receptor-9 signaling thereby decreasing the inflammation process and this drug is used in combination with macrolide antibiotic azithromycin. All the selected drugs are used either alone or in combination as drug cocktails in drug trails for Covid-19 treatment.

![The chemical structure of studied phytochemicals (a) andrographolide, (b) 14-deoxy 11,12-didehydro andrographolide, (c) neoandrographolide and (d) 14-deoxy andrographolide from *A. paniculata*.](TBSD_A_1777901_F0001_C){#F0001}

2.. Materials and methods {#s0002}
=========================

2.1.. Retrieval of 3D structures of phytochemicals {#s0003}
--------------------------------------------------

The three dimensional structure for AGP1 has been obtained from drug databank (DB05767) (Wishart et al., [@CIT0053]). The chemical structure has been modified using Molden software (Schaftenaar et al., [@CIT0042]) to generate the coordinates for the remaining three compounds namely AGP2, AGP3, AGP4. Using openbabel (O'Boyle et al., [@CIT0033]), the mol2 files were converted to pdbqt and then molecular docking was performed using Autodockvina software (Trott & Olson, [@CIT0047]). For those remaining compounds (will be referred as trial compounds) in this study where ever the 3D structure is not available, we manually build the structures using Molden software and then optimized the geometry by carrying out electronic structure theory calculations at B3LYP/6-31G\* level of theory as implemented in Gaussian09. 3D structures for the compounds such as Hydroxychloroquine (DB01611), Remdesivir (DB14761) and Oseltamivir (DB00198) are available in the drugbank database.

2.2.. Molecular docking {#s0004}
-----------------------

Four different targets from virus were considered for the docking studies namely 3CLpro, PLpro, RdRp and spike protein-ACE2 complex. Recently, the crystal structures for spike protein and 3CLpro have been available in the open access databases. In particular, for 3CLpro, the structures of both apo form and complex form with certain inhibitor N3 are reported in pdb databank (Berman et al., [@CIT0001]). For the spike protein, the structure has been solved using cryogenic-electron microscopy experiments for both closed and open forms and also in complex with ACE-2 receptor (Lan et al., [@CIT0025]; Walls et al., [@CIT0050]; Wrapp et al., [@CIT0054]; Yan et al., [@CIT0057]). For the remaining two targets, the structures are not available. So, we have proposed the three dimensional structures for these targets by homology modelling using the protein structures of SARS-CoV-1 which has a larger sequence similarity. The structure for PLpro is based on the pdb id 5Y3E of SARS-CoV-1 which had 83% sequence identity to that of SARS-CoV-2 protein. Similarly, the three dimensional structure for RdRp has been obtained from homology modelling by using the template structure from the same protein of SARS-CoV-1 (PDB ID 6NUR) which had sequence identity of 96.4%. In all cases, the binding sites were selected carefully and then the center and size of gridbox were chosen accordingly. For example, in the case of spike protein, there are two domains namely S1 and S2 and we have selected the receptor binding domain S1 which is bound to mammalian ACE-2 receptor (Lan et al., [@CIT0025]; Yan et al., [@CIT0057]). In the case of 3CLpro, the binding site was selected based on the location of inhibitor, N3 which has been co-crystallized with the target protein as in 6LU7. The active site in this target is made of the residues THR24, THR26, PHE140, ASN142, GLY143, CYS145, HIS163, HIS164, GLU166 and HIS172 (Khaerunnisa et al., [@CIT0023]). We have used the apo form of the 3CLpro for carrying out molecular docking. In the case of PLpro, the binding site location has been chosen based on the PLpro-ligand complex of SARS-CoV-1 (PDB id is 4OW0). The binding site in RdRp has been chosen based on the information available in the literature. A recent paper evidenced that the active site of RdRp is highly conserved in many RNA viruses (Hepatitis C and Zika) and human coronaviruses such as 229E, NL63, OC43, HKU1, SARS and MERS (Elfiky, [@CIT0015]; Narayanan & Nair, [@CIT0031]). In particular, the binding site of RdRp is characterized by two residues D645 and D646 (Elfiky, [@CIT0016]). In the molecular docking using autodockvina, the protein is kept rigid while the ligand is fully flexible. Upto 20 least energy binding modes and binding poses were stored in all molecular docking studies. The relative binding affinities of all four ligands along with the trial compounds with the four viral targets were analyzed to find out the most stable complex formed.

2.3.. Molecular dynamics simulation {#s0005}
-----------------------------------

The ligand binding mode with the least binding free energy (and so the one with larger binding affinity) has been used for preparing the initial configuration for the protein-ligand complexes for carrying out subsequent molecular dynamics (MD) simulations. The ligands included here are those phytochemicals from *A. paniculata* and trial compounds. The MD simulations were carried out to study the finite temperature effect and stability of the complexes formed in the ambient condition. However, this requires the charges and force-fields available for all the subsystems in the complex to be studied. So, the electrostatic potential fitted charges for the ligands were computed by employing CHELPG approach (Breneman & Wiberg, [@CIT0003]) and B3LYP/6-31G\* level of theory as implemented in Gaussian09 software.(Frisch et al.) Further, the GAFF force-field (Wang et al., [@CIT0051]) has been used to describe the ligand interaction with other subsystems like protein and solvents. Similarly the FF99SB force-field has been adopted for proteins and for water solvent, TIP3P force-field has been employed. In all the cases, sufficient number of counter-ions were added to neutralize the system. In case of any hot spots present in the protein or in the complex, firstly minimization run was performed. Followed by this, molecular dynamics simulation was carried out at a constant volume ensemble. Further simulations in the isothermal isobaric ensemble have been carried out to study the system stability in ambient condition. The Langevin thermostat and Barendsen barostat were adopted to maintain the temperature and pressure in the simulation. The time step for solving Newton's equation of motion was set to 1 fs. The simulations were carried out for a total time scale of 20 ns. All simulations were carried out using Amber16 software (Case et al., [@CIT0005]). The time evolution of various properties such as density and energies were analysed to ensure that the simulations were equlibrated appropriately . The configurations from trajectory corresponding to final 5 ns timescale were used for calculating binding free energies using molecular mechanics- Generalized Born surface area approach (Rastelli et al., [@CIT0040]). In this method, the binding free energy has been estimated as the difference between the complex and individual subsystems\' free energies. The free energy for each system is computed as the sum of van der Waals, electrostatic, polar and non-polar solvation energies and contributions due to entropy. Since the calculations of entropies are computationally demanding, usually they are not estimated. Further it is usually approximated that in comparing the relative stabilities of different complexes, the entropic contributions are not significant and they were not included in this study. Since the computed binding free energies are not absolute, the relative free energy differences are computed to classify a compound as an inhibitor or non-inhibitor. In order to estimate the relative potencies of compounds from *A. paniculata*, we have also included many trial compounds which are being considered in drug trials against covid-19.

3.. Results and discussion {#s0006}
==========================

3.1.. Analysis of binding modes for AGP1-4 with viral targets {#s0007}
-------------------------------------------------------------

First the study focuses on the binding modes of AGP compounds and trial compounds with the two proteases, 3CLpro and PLpro. In the case of 3CLpro, all ligands bind to the substrate recognition catalytic site involved in proteolytic processing of RNA replicase which is a key process for viral replication ([Figure 2(a and b)](#F0002){ref-type="fig"}). Also the catalytic site is highly conserved among all the coronaviruses such as SARS-CoV-1, MERS-CoV and other human coronaviruses such as HCoV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1. There are a few crystallographic reports for 3CLpro of different coronaviruses where certain irreversible inhibitors are bound to the cys144. This reaction occurs through the formation of a reversible association complex in the first step. The investigated ligands (phytochemicals and trial compounds) in the current work are reversible inhibitors (i.e. they do not form covalent bonding with the target) that target the same substrate binding site in 3CLpro and will have therapeutic values. The binding modes of AGP compounds and trial compounds are shown in [Figure 2(a and b)](#F0002){ref-type="fig"}, respectively. It is evident from the [Figure 2(a, b)](#F0002){ref-type="fig"} that the AGP compounds also bind to the same binding site as the trial compounds. Just to establish that the AGP compounds are binding to the binding site as the inhibitor, we have superimposed the crystal structure of 3CLpro: N3 inhibitor complex (as in PDB id 6LU7) with that of the 3CLpro: AGP3 complex structure obtained from molecular docking study (refer to [Figure 2(a)](#F0002){ref-type="fig"}). The spatial location of AGP3 is the same as that of N3 which suggests that all these compounds studied also bind to the substrate binding site in 3CLpro and have therapeutic activity by inhibiting the functionality of this enzyme in replication.

![(a) Binding sites for AGP compounds within 3CLpro (b) Binding sites for trial compounds within 3CLpro (c) Comparison of the binding site of AGP3 with that of N3 inhibitor (based on 6LU7).](TBSD_A_1777901_F0002_C){#F0002}

In the case of PLpro, the drug molecules bind to S3/S4 domains of the target and so we searched for binding modes/poses for the ligands in this region. The binding modes of AGP compounds and trial compounds are shown in [Figure 3(a and b)](#F0003){ref-type="fig"}, respectively. As shown in the [Figure 3(a)](#F0003){ref-type="fig"}, AGP compounds also bind to the same binding site as the trial compounds (refer to [Figure 3(b)](#F0003){ref-type="fig"}) except azithromycin which binds to a unique binding site. In addition, it is evidenced that this binding site is the same as the inhibitors of PLpro. We have superimposed the PLpro from SARS-CoV-1 bound to an inhibitor GRM (pdb id is 3MJ5) with the AGP1 in complex using the homology model of PLpro of Covid-19 as shown in [Figure 3(c)](#F0003){ref-type="fig"}. The overlap of both the ligands GRM and AGP3 suggests that the both the selected phytochemicals and trial compounds target the same inhibitor site as GRM. In the case of RdRp the active sites are characterized by the aspartic residues D645 and D646 (Elfiky, [@CIT0016]). The binding mode for all the phytochemicals and trial compounds are shown in [Figure 4(a and b)](#F0004){ref-type="fig"}, respectively and the ligands such as AGP-3, AGP-4 and most of the trial compounds are bound to the entry site of nucleotide along the channel. Due to this reason, the ligands AGP-1 and AGP-2 will have less significant effect on the entry of the incoming nucleotides while the remaining ligands will have substantial therapeutic effect.

![(a) Binding sites for AGP compounds within PLpro (b) Binding sites for trial compounds within PLpro (c) Comparison of the binding site of AGP3 with that of inhibitor, GRM as in PLpro of SARS coronavirus (based on 3mj5).](TBSD_A_1777901_F0003_C){#F0003}

![(a) Binding sites for AGP compounds within RdRp target (b) Binding sites for trial compounds within RdRp.](TBSD_A_1777901_F0004_C){#F0004}

Finally, the study demonstrates the effect of AGP and trial compounds to S protein-ACE2 complex. The binding modes for the four compounds, AGP1-4 and trial compounds with this complex are shown in [Figure 5(a and b)](#F0005){ref-type="fig"}, respectively. Interestingly the ligand AGP1, 3 and 4 and remdesivir target the same binding site (which is located just below the interfacial region in the ACE-2 mammalian receptor) while the AGP-2 bind to another site located near the residue ASN260. In order for a compound to serve as a drug, it should bind to the interfacial area of spike protein-ACE2 complex and weaken the interaction. However here the four compounds are binding to a core site located underneath the interfacial area and may only indirectly modulate the protein-protein interaction. The small organic molecules have usually less significant surface area and so are less effective in modulating the protein-protein interaction and this is the reason for preferring peptides for targeting spike protein (even though for other targets, small organic molecules are suitable). However, we cannot exclude the possibility that the ligand interaction to helices will modulate their interaction with the receptor binding domain of spike protein. The interaction brings in the rigidity of the ACE-2 residues which will affect their conformational flexibility and consequently affect the host cell recognition. Since the AGP-2 ligand binds to a site which is located far away from the interfacial region, it may have less therapeutic value when compared to other ligands studied. It is worth mentioning that the remdesivir has been considered to be a potential drug compound against covid-19 infection and has been subjected to the clinical trial phase recently. It was originally developed for treating viral infection caused by Ebola and Marburg viruses but was also found to be active against SARS and MERS viruses. Even though it is suggested as a RdRp target, its potency to other targets is not studied in detail. Therefore here we report that it could have a potent inhibitory activity in the host cell recognition and binding as it binds to the spike protein with significant binding affinity (−8.5 kcal/mol).

![(a) The binding site for AGP1-4 in spike protein-ACE2 complex. (b) The binding site for trial compounds in the ACE2 receptor of the complex. The AGP1, AGP3, AGP4 and trial compounds occupy the same binding site which is localized near the helices involved in the binding to RBD domain of spike protein. AGP-2 binds to a unique site located near ASN260.](TBSD_A_1777901_F0005_C){#F0005}

3.2.. Analysis of binding affinities for AGP1-4 with viral targets {#s0008}
------------------------------------------------------------------

In order for a ligand to serve as a therapeutic molecule, it has to bind to a specific catalytic site with significant binding affinity. In certain cases, the ligands bind to allosteric sites (as in non-nucleoside reverse transcriptase inhibitors in HIV (Poongavanam et al., [@CIT0038])) which leads to specific structural/conformational changes in the binding site causing the modulation or inhibition of substrate binding. We speculate that in the case of spike protein-ACE2 complex, even though the ligands are not binding to interfacial regions, they may indirectly affect the binding of spike protein to ACE-2 receptors. The stronger the ligand binding, the stronger the modulating effect and therefore the ligand with larger binding affinity to spike protein-ACE2 complex can have a better therapeutic effect. [Table 1](#t0001){ref-type="table"} shows that the phytochemical AGP3 has the stronger binding affinity towards spike protein-ACE2 complex (−8.9 kcal/mol) when compared to 3CLpro (−7.1 kcal/mol), PLpro (−7.3 kcal/mol) and RdRp (−7.4 kcal/mol).

###### 

The binding affinity for the phytochemicals and trial compounds with the four vital targets in Covid-19.

  Compound                              3CLpro   PLpro   RdRp   Spike-ACE2
  ------------------------------------- -------- ------- ------ ------------
  Phytochemicals from *A. paniculata*                           
  AGP1                                  −7.2     −6.8    −6.7   −6.9
  AGP2                                  −7.0     −6.5    −6.7   −6.8
  AGP3                                  −7.1     −7.3    −7.4   −7.8
  AGP4                                  −6.9     −6.7    −6.3   −6.7
  Trial compounds                                               
  Remdesivir                            −7.3     −7.5    −7.5   −8.3
  H.Chloroquine                         −5.6     −5.8    −6.3   −6.3
  Oseltamivir                           −5.6     −5.5    −5.9   −5.9
  Ritonavir                             −6.5     −6.7    −7.6   −7.2
  Lopinavir                             −7.1     −7.3    −7.5   −7.5
  Azithromycin                          −5.7     −6.3    −6.5   −6.7

Interestingly the remdesivir which is known to target RdRp also binds to spike protein-ACE2 complex with considerable affinity (−8.5 kcal/mol). There are no experimental studies available to confirm this or to contradict this. Interestingly, Lopinavir also binds to RdRp with a larger binding affinity (−9.3 kcal/mol). In the case of 3CLpro, we have established all four phytochemicals bind to the substrate binding site. In this case, all the ligands have comparable binding affinity (−6.9 to −7.2 kcal/mol). Again, remdesivir shows comparable binding affinity towards this target (7.1 kcal/mol). Another trial compound that showed significant binding affinity to both proteases is lopinavir. Now, for the PLpro, except the AGP-3 (−7.3), other ligands show lower binding affinity and a similar trend is observed in the case of RdRp target. Overall it can be inferred that AGP-3 is the best therapeutic compound among the four tested phytochemicals as it has the larger binding affinity (or the least binding free energy) towards all four selected targets. This result could be attributed to the larger molecular surface and presence of many hydroxyl functional groups as they respectively increase the magnitude of both van der Waals and electrostatic interactions. The protein-ligand interaction diagrams computed using Ligplus + Wallace et al. ([@CIT0049]) displayed that many intermolecular hydrogen bonds are formed between the aminoacids and polar groups in AGP3 (refer to [Figure 6](#F0006){ref-type="fig"}).

![Protein-ligand interaction diagram for AGP3 with viral targets (a) 3CLpro, (b) PLpro, (c) RdRp and (d) with ACE2 of spike-ACE2 complex.](TBSD_A_1777901_F0006_C){#F0006}

[Table 2](#t0002){ref-type="table"} shows more accurate and reliable results obtained for binding free energies computed as averages over various configurations for all the ligands as well as phytochemicals with four different targets. Similar to autodockvina results, AGP3 is found to be the most potential compound for the four targets namely 3CLpro, PLpro and RdRp. Only in the case of spike protein-ACE2 complex, AGP-4 is found to be the slightly better compound (only by 0.2 kcal/mol) when compared to AGP-3 in terms of potency. [Table 3](#t0003){ref-type="table"} lists various contributions to total binding free energy namely van der Waals, electrostatic, polar and non-polar solvation free energies. As discussed above both van der Waals and electrostatic interactions for AGP-3 with different viral targets are larger in magnitude. In the case of spike protein and RdRp, the contributions from electrostatic interaction between the protein-ligand are larger than the van der Waals contributions. However, in all cases the polar solvation free energy contributions nullifies the favourable electrostatic contributions. Overall, it is the van der Waals interactions between the protein-ligand that drives the formation of stable complexes between the phytochemicals and viral targets. It is quite striking to observe that APG-3 has comparable binding free energies for both proteases 3CLpro (−31.4 kcal/mol) and PLpro (−28.5 kcal/mol) which catalyzes the cleavage in viral polyprotein and are responsible for viral replication. Inhibition of these two proteases have favourable therapeutic effects and so the current study supports that AGP-3 has potency against the viral infection (the binding free energies are in the range −28.1 to −31.4 kcal/mol).

###### 

The binding free energies (in kcal/mol) for AGP and trial compounds with four vital targets of covid-19 virus. The free energies are computed as an average over 2500 configurations extracted from molecular dynamics trajectories (of time scale 5 ns). The free energies were computed using molecular Mechanics-Generalized Born approach.

  Compound                              3CLPro   PLpro   RdRp    Spike-ACE2
  ------------------------------------- -------- ------- ------- ------------
  Phytochemicals from *A. paniculata*                            
  AGP1                                  −21.7    −12.7   −3.0    −12.7
  AGP2                                  −18.9    −22.9   −9.8    −13.3
  AGP3                                  −31.4    −28.5   −17.1   −23.9
  AGP4                                  −26.1    −26.6   −7.8    −24.1
  Trial compounds                                                
  Remdesivir                            −44.4    −27.3   −36.5   −33.3
  H.Chloroquine                         −12.1    −14.7   −25.8   −24.5
  Oseltamivir                           −15.8    0.00    −19.8   −10.5
  Ritonavir                             −30.9    −30.4   −33.5   −43.2
  Lopinavir                             −43.3    −3.5    −21.6   −33.5
  Azithromycin                          −15.7    −20.0   0.00    −11.9
                                                                  

###### 

Contributions from van der Waals ($\Delta E_{\mathit{vdw}}$), electrostatic ($\Delta E_{\mathit{elec}}$), polar ($\Delta G_{GB}$) and non-polar solvation ($\Delta G_{SA}$) free energies to the total binding free energies (unit in kcal/mol). The data are only shown for AGP-3 which has potency to target all viral targets of covid-19.

  Site         $\Delta G_{v{dw}}$   $\Delta G_{{el}{ec}}$   $\Delta G_{GB}$   $\Delta G_{SA}$   $\Delta G_{\mathit{binding}}$
  ------------ -------------------- ----------------------- ----------------- ----------------- -------------------------------
  3CLpro       −37.0                −20.5                   36.0              −4.6              −26.1
  PLpro        −38.7                −27.3                   44.2              −4.8              −26.6
  RdRp         −46.3                −73.2                   108.6             −6.2              −17.1
  Spike-ACE2   −30.9                −40.1                   51.2              −4.3              −24.1

Furthermore AGP-3 has shown significant binding affinity (free energy of binding is −24.1 kcal/mol) towards RdRp which catalyzes the RNA synthesis (with the consumption of nucleoside triphosphate). In addition to the potency against the proteases and RdRp, we also report significant binding to spike protein which is responsible for host cell recognition. Even though we could not confirm if this modulates protein-protein interaction between spike protein and ACE-2, we cannot exclude the allosteric modulation of such interaction. This observation suggests that the AGP3 can be effective during both initial and matured state of viral infection and has a multi-targeting character similar to the drug-cocktails used for the treatment of infections like HIV. It is worth recalling that in the case of HIV treatment, a cocktail of drugs is usually recommended which can be a combination of drugs that are nucleoside reverse transcriptase inhibitor, non-nucleoside reverse transcriptase inhibitor, protease inhibitor and integrase inhibitor. This gives an advantage that the subscribed drug cocktails can act during any stage of infection and cure the patient. However, if a single drug can inhibit all viral targets simultaneously it will be much more desirable. Here, we see that the ligand AGP-3 has better binding affinity for all the key viral targets and can serve as an efficient drug compound having potency against multiple viral targets necessary for viral lifecycle.

Though the AGP-3 has recorded significant potency towards different viral targets, we need to confirm whether they bind with the optimal binding affinity since in the case of RdRp the binding free energies are larger compared to the RdRp inhibitor remdesivir. Therefore there is a need to further analyze the possibilities to enhance the potency of AGP-3 towards the selected viral targets. Lower the free energy of binding, larger will be the binding affinity and this will minimize the drug dosage. To evidence this, we have carried out the residue wise decomposition analysis of binding free energies and the results are shown in the [Figure 7](#F0007){ref-type="fig"}. This has been performed only for the ligand AGP3 which had shown good binding affinity to all the targets. As expected, the number of residues contributing favorably are more in number. In the case of 3CLpro, the aminoacid residues ASN143 and CYS146 contribute binding affinity lower than −2. kcal/mol while for PLpro and TYR268 residue contributes higher binding affinity of −3.2 kcal/mol. For the RdRp, the residues ASP336 (−3.1 kcal/mol), THR440 (−2.1 kcal/mol) and ASP507 (−4.9) are dominantly contributing to the stability of the complex. In addition to these stabilizing residues, in all cases, there are certain residues which contribute to the binding unfavourably (i.e. with positive value for $\Delta E_{\mathit{Residue}}$). This indicates that the binding affinity can be further enhanced if the repulsive interaction between these residues and AGP3 ligand can be changed to become attractive through suitable chemical tuning of the ligand. The number of destabilizing residues are more in the case of 3CLpro when compared to PLpro. In the case of RdRp, certain residues contribute to a larger extent for destabilization (for example the residues such as LYS429 (+2.3 kcal/mol), LYS560 (+1.5 kcal/mol)). Due to these destabilizing residues the binding free energy of AGP3 is higher than that of remdesivir. Further the binding affinity of AGP3 towards the selected viral targets can be further enhanced to develop a potential target for Covid-19.

![Residue wise decomposition analysis of binding free energies in the case of various AGP3: viral target complex systems. (a) 3CLpro (b) PLpro (c) RdRp (d) ACE-2 receptor of spike protein-ACE2 complex.](TBSD_A_1777901_F0007_B){#F0007}

4.. Conclusions {#s0009}
===============

Amidst the wildly spreading Covid-19 infection which has harvested more than 1 lakh human lives worldwide, the researchers are searching for drugs which can be of immediate use. Therefore, drug repurposing and use of compounds from phytochemicals are best strategies for the given situation. For the developing and underdeveloped countries the former option is still not suitable as the population and poor economy may disable the capacity to buy such drugs. The latter approach where the use of phytochemicals from plants and herbs appears highly relevant as they can be made available for a larger population. Moreover, such compounds have least side effects and have favorable pharmacokinetic and pharmacodynamics properties which again allow them to be excluded for tedious, expensive and time-consuming clinical trials. In this way, the phytochemicals from *A. paniculata* were shown to have potency against the Covid-19 and we have evidenced its microscopic mechanism through rational computational modeling. Among the four phytochemicals, AGP3 has shown promising binding affinity towards all the four targets namely, 3CLpro, PLpro, RdRp and spike protein with precise binding to the catalytic site required for inhibiting the targets in a therapeutic way. The residue-wise contributions of binding free energies has shown that in the case of 3CLpro and RdRp there is still scope for the improvement through the chemical modification of the ligand. Other option in using the ligand structure as a template is that it facilitates to screen the drug databank, nutraceuticals and Chinese medicine databases for identifying more active compounds against the viral targets.
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